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ABSTRACT
The production of size-tunable Carbon microspheres (CMSs) from cheaply available materials
using an environmentally friendly technique is highly appreciated. In this study, size-tunable
CMSs were hydrothermally synthesized at 190°C using sucrose as carbon source, and citric acid
as a catalyst. The effect of varying citric acid concentration on the size of the microspheres was
investigated. Results indicated that under similar hydrothermal conditions, variation in the con-
centration of citric acid between 0 and 5wt.% increased the size of CMSs ranging from 3.12 to
11.2 μm, as evidenced by SEM and particle size analyzer. TGA confirmed the purity of the car-
bonaceous particles in a single-step degradation with the presence of D-band and G-band in
Raman spectra. FTIR and elemental analyzer confirmed the presence of hydrophilic oxygen func-
tionalities such as –OH, –C=O, and COOH on the surface of CMSs. This study opens a novel and
straightforward approach to produce size-tunable CMSs with functional groups.
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1. Introduction
Among various forms of carbon materials, carbon
microspheres (CMSs) have attracted substantial atten-
tion due to their particular physical properties, includ-
ing minimal surface energies, controllable sizes, and
diverse morphologies (hollow, hard-spherules, and
beads) [1]. The CMSs have been used for various appli-
cations such as hydrogen storage [2], fuel cells [3], cat-
alysts [4], adsorbents [5], supercapacitors [6] and drug
delivery [7] due to their remarkable chemical stabil-
ity, high thermal conductivity, excellent heat resistance,
electrical conductivity, and self-sintering properties [8].
By taking these outstanding characteristics into
account, a range of methods has been used to pre-
pare the CMSs, including pyrolysis, chemical vapour
deposition, and hydrothermal treatment [9–11]. The
hydrothermal treatment of CMSs has recently received
a great deal of attention due to its moderate reaction
conditions, one-step synthetic procedure, low cost, and
environmental friendliness [12]. The main advantage of
the hydrothermal method is the high efficiency that
can be achieved at mild temperature (< 300°C) inside
a sealed autoclave where there is no need to use any
hazardous solvents [13,14]. Therefore, spherical carbons
with many surface oxygen groups (mainly -C = O and
-OH) can be produced under the high pressure, and rel-
atively moderate temperature exists in a hydrothermal
chamber [15,16]. Moreover, by altering the tempera-
ture and composition, morphology (shape and diam-
eter) and chemical functionalities of synthesized car-
bon could be simply controlled to comply with various
applications [17].
Many studies have shown the versatility of hydrothe
rmal carbon synthesis. It has been found that the size of
CMSs can be controlled by changing the type and con-
centration of starting materials and hydrothermal con-
ditions [18,19]. Various types ofmono-, di-, and polysac-
charides, cellulosic carbohydrates, biopolymers, and
biomass including glucose [20], fructose [21], sucrose
[22], cellulose [23], starch [24], yogurt [13] and chitosan
[25] have been used as carbon precursors. The stud-
ies revealed that the diameter of CMSs by far relies
on the type of saccharides used as precursors. Sevilla
et al. [19] found that the hydrothermal carbonization of
sucrose and starch resulted in CMSs with larger diam-
eters thanglucose under the same experimental condi-
tion, which was attributed to their capability to gener-
ate a more significant number of decomposed species
CONTACT Nahrizul Adib Kadri nahrizuladib@um.edu.my Department of Biomedical Engineering, Faculty of Engineering, University of Malaya,
Kuala Lumpur 50603, Malaysia; Babak Salamatinia babak.salamatinia@monash.edu Discipline of Chemical Engineering, School of Engineering,
Monash University Malaysia, Jalan Lagoon Selatan, Bandar Sunway, Selangor 47500, Malaysia
© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
JOURNAL OF TAIBAH UNIVERSITY FOR SCIENCE 1043
during the hydrothermal treatment. A study by Krstic
et al. [26] indicated that the diameter of CMSs obtained
by hydrothermal carbonization of fructose could be
modulated by modifying the fructose concentration in
solution. It was found that increasing the concentration
of fructose leads to an increase in the mean diameter
of the CMSs anddecreases the regularity of spherical
particles.
Another main factor affecting the size of the CMSs
is the pH of the solution. Zha et al. [12] prepared
CMSs from sucrose using hydrothermal carbonization
and evaluated the effect of different pH values (0.1,1,
3, 5,7,10,12, and 14) on physicochemical properties
of CMSs by adding hydrochloric acid (HCl) or sodium
hydroxide (NaOH). The results revealed thatwhile under
acidic conditions, the particle size of CMSs appeared
to be smaller, at alkaline pH, the size of CMSs was
grown. Acidic and alkaline substances have also been
used to create porous CMSs. Very recently, Zhao et al.
reported synthesis of monodispersed cron-grade car-
bon spheres by hydrothermal carbonization of mal-
tose in the presence of HCl as the catalyst and poly-
acrylic acid as dispersant [27]. The porous structure was
created by Hydrogen peroxide (H2O2) oxidation and
subsequent calcination under air. The resultant CMSs
were covalently quaternized with two layers of hyper-
branched polymers by the amidation and repeated
ring-opening reaction of epoxy and demonstrated high
efficiency as anion exchangers for Ion chromatography
(IC). Another study also revealed that carbon micro-
spheres with contrallable pore size could be produced
fromwaste Camellia Oleifera shells with a two-step pro-
cess, namely hydrothermal carbonization and anneal-
ing [28]. For creating a highly porous structure, potas-
sium hydroxide (KOH) was impregnated onto CMSs and
subjected to thermal treatment at 650°C. While the
impregnation of CMSs with KOH, resulted in the for-
mation of a predominantly mesoporous structure, the
CMSs, which were mixed and ground with KOH exhib-
ited only microporous structure. The CMSs showed a
high potential for quick removal of phenolic organic
pollutants from water.
Nevertheless, to date, there has been little attention
paid to the effect of acid catalysis on tuning the size of
the CMSs.
Citric acid as a potential catalyst for hydrothermal
carbonization is expected to have a significant influ-
ence on the morphology and sphere size distribution.
In a study by Zhao et al. [13], citric acid was used to
catalyze the CMSs derived from cellulose. It was found
that the size of the CMSs increased with increasing cit-
ric acid concentration, reaction time and temperature.
To the best of our knowledge, no study has been done
evaluating the effect of citric acid on hydrothermal car-
bonization of sucrose to produce the CMSs.
This work investigates the catalytic effect of citric
acid on synthesizing the CMSs from sucrose as a carbon
precursor. The size and morphology of the synthesized
CMSs were studied by changing the acid to precur-
sor concentrations. The synthesized CMSs were charac-
terized by using scanning electron microscopy (SEM),
particle size analyzer, Fourier Transform Infra-Red spec-
troscopy (FTIR), Raman spectra, and elemental CHNS
analyzer.
2. Materials andmethods
2.1. Materials
Sucrose was purchased from a local supermarket (Prai,
Malaysia), and food-grade anhydrous citric acid (Merck,
99%) was obtained from Bake With Yen Sdn. Bhd.
(Malaysia). All materials were used without further
purification.
2.2. Synthesis of the CMSs
Sucrose solution (15wt.%) was prepared by dissolving
sucrose in distilled water. Citric acid solutions of 1.25
to 5wt.% were also prepared in distilled water. The
sucrose solution was mixed with citric acid solutions
at a weight ratio of 1:1 and magnetically stirred for
1 h before hydrothermal reaction. Five samples were
prepared by varying citric acid concentrations of 0,
1.25, 2, 3.75, and 5wt.% (hereafters called Su-CA-0, Su-
CA-1.25, Su-CA-2, Su-CA-3.75, Su-CA-5). The prepared
solutions were transferred into a 100ml Teflon-lined
stainless-steel autoclave and sealed tightly. The reactor
was placed into a preheated oven for 6 h at 190°C and
was then cooled naturally to room temperature. The
slurry formed inside the Teflon liner was then washed
three timeswithwater followed by ethanol until the liq-
uid residues turned colourless. The wet slurry was then
dried in an oven at 60°C for 24 h to obtain the powder
product. Figure 1 illustrates the steps of preparation of
the CMSs using the hydrothermal treatment.
2.3. Characterization of CMS powder
The microstructure of the CMSs was assessed using an
SEM (Hitachi S3400N-II-Japan) at an acceleration volt-
age of 5 kV. Before conducting microstructural analy-
sis, the samples were subjected to gold coating using
a sputter coater (Quorum Q150R S, UK). The particle
size distribution of the CMSs was measured by a laser
diffraction technique in a Mastersizer 3000 (Malvern,
UK). The powders were dispersed into ethanol and
stirred at 700 rpm using Hydro EV accessories. Particle
size distribution graphs were then obtained by plotting
number density versus size. The textural characteriza-
tion of the CMSs was measured using an N2 adsorp-
tion–desorption isotherm at 77 K with an ASAP 2020
instrument (Micromeritics, USA). The samples were out-
gassed at 200°C for 5 h. Surface areaswere calculated by
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Figure 1. Schematic representation showing the fabrication process of the CMSs.
Brunauer Emmett–Teller (BET) method fromN2 adsorp-
tion isotherms. The samples were examined using an
X-ray diffractometer (XRD, Bruker D8 Advance TXS, Ger-
many) at 40 kV and 40mA current using Cu-Ka radia-
tion. X-ray diffraction patterns were obtained at room
temperature over the 2θ range from 5° to 80°. The
effect of temperature on the CMSs was studied using
a thermo-gravimetric analyzer (TGA Q-50, TA Instru-
ments, USA). The samples were analyzed at a heat-
ing rate of 5°C/min between 25°C and 800°C in air
atmosphere. FTIR test was performed to determine
the chemical compositions and functional groups of
the CMSs. The FTIR spectra were obtained in attenu-
ated total reflectance mode (ATR-FTIR400, Perkin Elmer
Instruments, USA) in the wavelength range of 4000 to
500 cm−1 (recorded at 0.4 cm−1 resolution and aver-
age of 64 scans) under transmittance mode using
ATR module. Raman spectroscopy of the CMSs was
recorded over the range of 3000 to 300 cm−1 using
a Raman Spectrometer (LabRam HR Evolution, Japan).
Raman spectra of the samples were obtained using a
frequency-doubled Nd.VO4 diode-pumped solid-state
laser with excitation of 532 nm. CHNS analysis was
carried on the samples to determine basic elements
(carbon, hydrogen, and Oxygen) containing in the
CMSs. The test was conducted using the CHNS-932
elemental analyzer (LECO, USA) based on the test
method.
3. Result and discussion
3.1. Physicochemical characteristics of CMSs
The microstructure of the synthesized CMSs has shown
in Figure 2. The SEM illustrates that all the CMSs are in
perfect spherical morphologies. The images show that
the spheres are well-dispersed and have a high degree
of uniformity. The comparison of SEM images revealed
that the average particle size of the CMSs enhanced by
increasing the citric acid concentration. These results
were in good agreement with those reported by Liu
et al. [29], who found that larger CMSs can be obtained
by increasing oxalic acid concentration in glucose solu-
tion.
The particle size analyzer determined the average
size and the sizedistributionof theCMSspreparedusing
various citric acid concentrations. Based on the size dis-
tribution results presented in Figure 2(a), sample Su-
CA-0 without citric acid resulted in spheres with mean
diameters around 3 μm, whereas samples synthesized
in the presence of citric acid have larger mean diame-
ters, comparatively. The average particle sizes increased
from about 3 to 11 μmas the concentration of citric acid
increased in the solution, which is consistent with the
SEM results. The addition of citric acid to the sucrose
solution led to the CMSs with slightly broader size dis-
tributions. A more significant particle size distribution
obtained by the addition of citric acid could be due
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Figure 2. SEM images of the CMSs. (a) Su-CA-0; (b) Su-CA-1.25; (c) Su-CA-2; (d) Su-CA-3.75 and (e) Su-CA-5.
to the extra hydronium ions provided by citric acid,
which catalyzes the hydrolysis of sucrose to fructose
and glucose. Moreover, citric acid itself contains carbon
molecules that could contribute to the nucleation of the
CMSs. This result is consistent with the findings of Zhao
et al. [13].
Figure 3(b) displays the growth rate of spheres as
a function of citric acid concentration. Su-CA-1.25 and
Su-CA-3.75 were also synthesized to validate the size-
controllability of the CMSs. Based on the results, particle
sizes produced by Su-CA-1.25 and Su-CA-3.75 fit with
an exponential trend line proposed on the study with a
calculatedmarginal error of around 6%. The analyses of
Figure 3 suggest that the particle sizes of the CMSs can
be controlled by altering the citric acid concentration.
The specific surface area, pore-volume, and average
pore diameter of theCMSs are listed in Table 1. The sam-
ples’ surface areawas less than 3m2g−1, which revealed
that the synthesized microspheres have a reduced
porosity. Similar results have been reported by Sevilla
and Fuertes [19]. Indeed, the reason for such a low sur-
face area is that during the hydrothermal carboniza-
tion process, solubilization of organics and formation
of tarry substances also arise so that these substances
contaminate the hydrochars and plug their pores [30].
Notably, the surface area, pore size, and pore volume of
the CMSs decreased by increasing citric acid concentra-
tion, and it could be attributed to the enhancement in
theparticle size of themicrospheres as indicatedbySEM
and particle size analysis.
The XRD patterns of the two CMSs are demonstrated
in Figure 4(a). The presence of two broad peaks at
2θ = 24.8° and 43.5° is as a result of reflections from
the (002) plane and the (100) plane, respectively [31].
These reflections can be indexed to the graphite char-
acteristics of CMSs. The crystallinity structure was not
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Figure 3. (a) Particle size distribution of CMSs. (b) Average par-
ticle size as a function of citric acid concentration.
Table 1. N2 adsorption/desorption parameters of the CMSs.
Sample name
Surface area
(m²/g) Pore size (nm) Pore volume (cm³/g)
Su-CA-0 2.071 32.022 0.0040
Su-CA-2 1.722 7.739 0.0012
Su-CA-5 1.305 4.161 0.0006
Figure 4. (a) XRD and (b) TGA of synthesized CMSs.
detected due to the sharp peak’s absence suggesting
that the CMSs are completely amorphous [32]. These
results show that all the samples are in amorphous form
and containing aromatic structure.
TGA was used to investigate the thermal degrada-
tion behaviour of the CMSs synthesized with and with-
out citric acid. Figure 4(b) indicates the degradation
behaviours of Su-CA-0, Su-CA-2, and Su-CA-5. All sam-
ples showed a single-step degradation between 300°C
and 550°C, revealing the characteristic of pure carbona-
ceous compound [33]. A small weight loss of around 5%
at the beginning of the curve (30–60°C) is probably due
to the samples’ moisture loss. Synthesized CMSs were
nearly completely degraded at temperature > 600°C.
Therefore, the addition of citric acid does not change
the degradation behaviour of carbon spheres.
The CMSs prepared via hydrothermal carbonization
of sucrose were expected to show plenty of surface
functional groups [33]. For clarification, synthesized
CMSs with and without citric acid have been analyzed
under FTIR. As it can be seen in Figure 5(a), all the
samples exhibited similar IR spectra. The broad bands
at 3000–3700 cm−1 are attributed to -OH and -COOH
functional groups. The peak at 1710 cm−1, is related to
C = O stretching corresponding to carboxyl moieties
[34]. Peaks at 1470–970 cm−1 region are ascribed to
C–O stretching or bending vibrations in hydroxyl, ester,
or ether [35]. The availability of these peaks suggests
several oxygen groups (C = O and C–O) on the car-
bon sphere surface. The band also evidences the pres-
ence of aromatic rings at 1620 cm−1, assigned to C = C
vibrations, and the bands in the 930–750 cm−1 region,
attributed to aromatic C–H out-of-plane bending vibra-
tions [16,36]. The spectra of CMSs also show a band
at 3000–2850 cm−1, which assigned to the stretching
vibrations of methylene groups confirming the pres-
ence of an aliphatic structure. All the bands comply
with the characteristic of low temperature hydrother-
mal carbonaceousmaterials that exhibit vibrant oxygen
surface groups (e.g. C–O and C = O). All synthesized
samples additionally showed transmission Raman sig-
nal around 1000–2000 cm−1 range, as demonstrated
in Figure 5(b), indicating the presence of carbonized
materials with two distinct peaks, D-band at 1360 cm−1
and G-band at 1590 cm−1 [37]. D-band is assigned
to ring-breathing vibrations of A1g at Brillouin zone
boundary K, and it is evidence for the presence of ben-
zene or condensed benzene rings in amorphous carbon
films.
Moreover, the presence of D-band deduced the
amorphous structure of the CMSs, which is in agree-
ment with the XRD results. On the other hand, G-band
shows in-plane bond-stretching motion pairs of C sp2
atoms in aromatic and olefinicmolecules of amorphous
carbon [38]. Indeed, the degree of aromatic structure
formation was affected by the amount of citric acid.
The value of the relative intensity ratio (ID /IG) indicates
the graphitization degree of carbon materials. In the
present study, ID /IG increased from0.651 for Su-CA-0 to
0.757 and 0.825 for Su-CA-2 and Su-CA-5, respectively.
This result manifests that the graphitization degree has
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Figure 5. (a) FTIR spectra of Su-CA-0, Su-CA-2, and Su-CA-5. (b) Raman spectra of CMSs in the range of 500–2500 cm−1.
been increased with increment in citric acid concentra-
tion.
The increased intensity of these bonds could mean
that higher amounts of aromatic groups have been
formed in the CMS structure. The intensity of these
peaks increases by rising citric acid concentration up
to 2wt.%. However, the addition of a higher concen-
tration of citric acid (3.75 and 5wt.%) resulted in a dra-
matic decrease in the intensity of the peaks. From this,
it can be concluded that the samples prepared in the
presence of a low concentration of citric acid contain
more aromatic groups than thosewith higher citric acid
concentrations.
CHNS analysis was conducted on the three samples,
Su-CA-0, Su-CA-2, and Su-CA-5, and the results revealed
that all the samples possess almost similar carbon, oxy-
gen, and hydrogen contents. Table 2 displays the ele-
mental compositional of the CMSs. The spheres were
found to contain about 61 wt.% carbon, 5 wt.% hydro-
gen, and 33 wt.% oxygen, implying incomplete dehy-
dration of the sucrose. The higher oxygen content of
Su-CA-2 and Su-CA-5 samples could be due to the
interaction of acid functionalities of citric acid with
hydroxyl groups of sucrose. The results are in good
agreement with FTIR results, where the presence of
oxygen-containing surface functional groups was also
confirmed.
Table 2. The elemental components of CMSs.
Sample Carbon (%) Oxygen (%) Hydrogen (%)
SU-CA-0 62.94 32.12 4.92
SU-CA-2 60.01 35.03 4.94
SU-CA-5 61.41 33.51 5.06
3.2. The formationmechanism of CMSs
The proposed chemistry behind the formation of CMSs
is illustrated in Figure 6.We assume that themechanism
of CMSs formation was initiated with the hydrolysis of
sucrose to produce glucose and fructose. Hydrolysis of
sucrose was made possible by hydronium ions gener-
ated by water autoionization [39] and acid-catalyzed
hydrolysis that provides even more hydronium ions
[40]. Disaccharides of sucrose were also hydrolyzed to
form monomers that react with remaining H+ in the
solution. Inmore acidic conditions, due to the increased
amount of citric acid, the presence of H+ increases
in the solution, leading to more intensified nucleation
of the polysaccharide. The monomers are then poly-
merized by intermolecular dehydration to form soluble
polymers [41]. When the concentration of the poly-
mers reached a critical supersaturation point, a short
single nucleation burst occured, followed by further
dehydration and aromatization [42]. CMSs were found
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Figure 6. Schematic representation of CMSs prepared by hydrothermal carbonization of sucrose.
to have a polymer-like structure comprising of polyfu-
ranic chains formed through polymerization or arom-
atization of furan-like molecules. Thus, the synthesized
CMSs expected to have a core composed of hydropho-
bic polyfuran compounds, and a shell made up of
hydrophilic functional groups such as carbonyl and car-
boxylic acid. It is expected that the addition of citric
acid to the sucrose solution accelerates the hydroly-
sis process, which eventually caused the formation of
CMSs with larger mean diameters as compared to pure
sucrose.
4. Conclusion
The hydrothermal treatment of sucrose has success-
fully synthesized Size-controlled CMSs in the presence
of various citric acid concentrations at a low temper-
ature (190°C). The diameter of CMSs increased from
about 3 μm to 11 μmby increasing citric acid concentra-
tion. The spherical morphology of CMSs was confirmed
by SEMmicroscopy. All samples showed the pure char-
acteristics of carbonaceous materials with single-stage
degradation at a temperature range of 300–550°C.
The obtained CMSs were contained a large num-
ber of oxygen-containing surface functional groups as
deduced from FTIR and CHNS analyses. On the other
hand, Raman spectroscopy confirmed the presence
of amorphous and aromatic carbonaceous materials
with two distinct peaks of D-band and G-band. More
research is needed to study the formation mechanism
and the influence of reaction temperature and time on
the size of CMSs.
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